Polynucleotide kinase from .E. coli infected with the PseT 1 mutant of bacteriophage T4 has been isolated. The PseT 1 enzyme purifies similarly to normal polynucleotide kinase and effectively transfers the y phosphate of ATP to the 5' terminal hydroxyl of DNA and RNA. The PseT 1 and normal enzymes require similar magnesium ion concentrations, have the same pH optima and are both inhibited by inorganic phosphate. However, the PseT 1 enzyme is totally lacking the 3' phosphatase activity associated with normal polynucleotide kinase. The PseT 1 enzyme is a useful tool for the preparation of oligonucleotides with 3' and 5' terminal phosphates for use as susbstrates for RNA ligase.
INTRODUCTION
T4 polynucleotide kinase (E.C. = 2.7.1.78) transfers the y phosphate of ATP to the 5 ' terminal hydroxyl of nucleic acids (1) . This enzyme is widely used to prepare oligonucleotides to be substrates for RNA and DNA ligase (2, 3) and to label nucleic acids with a 5 ' terminal 32 P for sequence determination (4, 5) . Recently we have reported that highly purified preparations of polynucleotide kinase contain a second activity which specifically removes 3' terminal phosphates from a variety of deoxy-and ribonucleotides (6) .
The sum of available biochemical and genetic evidence indicates that the kinase and phosphatase activities are contained in the same polypeptide chain. The two activities comigrate on a variety of chromatographic and electrophoretic systems and show similar heat inactivation properties (6) .
Homogeneous preparations of T4 polynucleotide kinase also contain this 3' phosphatase activity (K.Kleppe,personal communication).Mutants of T4 lacking the 3 'phosphatase activity also lack the polynucleotide kinase activity (7) .
Although for most applications of polynucleotide kinase the presence of a Y phosphatase activity will be of no importance, there is at least one case where such an activity is a handicap. This involves the preparation of oligonucleotides having 3' and 5' terminal phosphates for use as donors in the T4 RNA ligase reaction (8, 9) . Although the 3' phosphate is not required
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Nucleic Acids Research for activity with RNA ligase, it is a convenient blocking group to prevent cyclization or self addition of the donor and thus ensure a unique intermolecular product. The synthesis of oligomers with 3' and 5' terminal phosphates often uses polynucleotlde kinase to add a 5' terminal phosphate onto oligomers terminating with a 3' phosphate. Thus, the simultaneous removal of the 3' phosphate by the associated 3' phosphatase activity reduces the yield of the desired product. This difficulty can be overcome to a certain degree by raising the pH of the kinase reaction to above 9 and thereby suppressing the phosphatase activity (6). However even under optimal conditions at least 15 percent of the 3' phosphates are removed before phosphorylation of the 5' end is complete. If the reaction is run too long, even lower yields are obtained since the phosphatase activity is independent of the kinase.
Although most mutations in the T4 kinase-phosphatase gene have reduced amounts of both activities, assays in crude extracts indicated that at least one phosphatase mutant (PseT 1) had normal levels of kinase (7, The oligoribonucleotides (Up)^, (Up) 5 , (Ap) 4 Cp and CpUpGp were prepared as described elsewhere (S,9). The materials and procedures for assaying polynucleotide kinase by the transfer of 32 P phosphate from [y-32 P]ATP to hydrolyzed salmon sperm DNA (1) and 3' phosphatase by the release of phosphate from 3' TMP (13) are described in detail in Cameron and Uhlenbeck (6) . The enzyme purified.in that work is used as a source of normal polynucleotide kinase.
The purification of polynucleotide kinase from E_. coli infected with T4 am N122, PseT 1 was extremely similar to the purification used previously with cells infected with T4 am 4314 (6) . The initial steps of cell lysis, streptomycin sulfate precipitation, autolysis and ammonium sulfate precipitation were identical to those previously described except that since 100 g of phage infected cells were used instead of 150 g, all volumes were scaled down accordingly. The ammonium sulfate pellets were resuspended in 65 ml of 10 mM potassium phosphate, pH 7.6, 10 mM 2-mercaptoethanol and dialyzed overnight against ll of that buffer. The protein was diluted to 150 ml with dialysis buffer to reduce cloudiness and then applied to a DEAE cellulose column (3 x 30 cm) equilibrated in the same buffer at 4°C. The column was washed with 400 ml of equilibration buffer and eluted with a l t linear gradient of 10 mM to 100 mM potassium phosphate, pH 7.6 in 10 mM 2-mercaptoethanol with a flow rate of 60 ml/hr. 9.3 ml fractions were collected. The peak of kinase activity was pooled, made 0.1 mg/mX. in bovine serum albumin and precipitated with 70% ammonium sulfate.
The ammonium sulfate pellets were resuspended in 15 ml of 50 mM potassium phosphate, pH 7.6, 10 mM 2-mercaptoethanol, 50 uM ATP and dialyzed overnight against 22-of that buffer. The protein was applied to a phospho- 
RZSULTS AND DISCUSSION
The purification of polynucleotide kinase from T4 am 122, PseT 1 infected cells is summarized in Table I .
Since it is difficult to obtain reliable assays until after the ammonium sulfate precipitation, only the last two stages in the purification are
given. It appears that the PseT 1 enzyme purifies quite similarly to normal enzyme through all the steps carried out. From the column profiles in Fig. 1 it is seen that the PseT 1 activity elutes from DEAE cellulose at somewhat lower potassium phosphate (20 mM instead of 40 mM) and elutes from phosphocellulose at somewhat higher potassium chloride (0.12 M instead of 0.08 M)
than reported for normal polynucleotide kinase (6) . Although these results would suggest that the PseT 1 enzyme is more positively charged than the normal enzyme, it is not certain whether the slight differences in column dimensions and flow rates might also account for the differences. A careful comparison of the electrophoretic properties of the two enzymes is in progress.
The concentrated phosphocellulose pool of the PseT 1 enzyme has a specific activity of 13,400 units/mg which suggests that it is nearly 20 percent pure based on a specific activity of 66,000 units/mg for normal enzyme (14) . Since it was . determined that the phosphocellulose pool was essentially free of ribonuclease activity, the enzyme was not purified further and a comparison with normal polynucleotide kinase was carried out. aliquots were withdrawn at the indicated times and released inorganic phosphate was determined colorimetrically as described previously (6) .
Under conditions where normal kinase shows substantial hydrolysis of 3' TMP, no detectable 3' phosphatase activity is observed with the PseT 1 enzyme.
In another experiment, 20 times the amount of PseT 1 enzyme was included under the same incubation conditions and no inorganic phosphate release could be detected. Thus, under conditions which optimize for 3' phosphatase activity, the PseT 1 enzyme has less than 0.1 percent of the phosphatase activity present in normal polynucleotide kinase.
In order to ascertain that the pH optimum of the phosphatase activity had not simply been shifted in PseT 1 kinase, similar 3' phosphatase assays were carried out over a range of pH values from 5 to 9.5 Even when large amounts of enzyme were used, no trace of phosphatase activity in the PseT 1 kinase was detected at any pH.
The PseT 1 enyzme is also unable to remove 3' terminal phosphates from oligoribonucleotides. 1.5 A 2 go units of (Up)!,, (Ap)ijCp and CpUpGp were incubated in the pH 6.0 buffer used above for two hours at 37° C with 1. This is illustrated in Fig. 3 where the phosphorylation of (Up) 5 is carried out with normal kinase and PseT 1 kinase at pH 7.5 and pH 9. The reaction at pH 7.5 contained 2.5 ymoles Tris-HCl pH 7.5 and the reaction at pH 9.5 contained 2.5 pinoles cyclohexylaminoethanesulfonic acid pH 9.5.
All four reactions were incubated 2 hours at 37°C. Each reaction was spotted on Whatman 3 mm paper and descending chromatograms were developed in the solvent given above. Radioactive compounds were located by cutting 1 cm sections of the paper and counting each one in a liquid scintillation counter.
When the reactions were carried out with normal polynucleotide kinase (closed circles, solid lines), 32 P radioactivity was transferred from ATP into two new peaks. The slower moving peak can be identified as the product 
